.
METHODS
Infrared radiometer.The infrared radiometer used was essentially similar to that of FRASER(1970 FRASER( ,1971 (FRASER,1970 (FRASER, ,1971 (SMITH,1972; HOMSHER et al.,1972; RALL,1978 RALL, ,1979 ,the heat produced in a twitch was divided into tension-dependent and tension-independent components as shown in Fig.2 Schematic drawings showing an isometric twitch in response to a single stimulus(A) and the summated mechanical responses in response to two successive stimuli given at an interval of less than the mechanical fusion interval(B)and at an interval of more than the fusion interval(C).The tension increment in response to the second stimulus is indicated by arrows.
When the stimulus interval was less than the mechanical fusion interval,the tension increment was measured by algebraical subtraction of the first twitch from the summated response (Fig.4B) .If the stimulus interval was more than the fusion interval,the tension increment was measured from the level of tension at which the second twitch started (Fig.4C) .
A typical result is shown in Fig.5 The amount of heat produced by the second stimulus was also plotted against the magnitude of corresponding tension increment in Fig.6 .At stimulus intervals of 60-150 msec,the data points fell on a regression line which intersected the ordinate at about 1 mcal/g as in the case of the relation between the heat production and the twitch tension in Fig.2 .The first and second twitches were completely separated at a stimulus interval of 150 msec with no significant difference between them in either heat production or tension,indicating that the above regression line was identical with that shown in Fig.2 Heat production in a twitch produced after a tetanus Experiments were also performed in which a twitch was produced at various times after a preceding 0.5 sec tetanus (Fig.7) .In these experiments,the records were not averaged to avoid muscle fatigue with repeated tetani.In Fig.8 ,the heat production and the tension increment in response to the"test"stimulus are plotted against the interval between the termination of the preceding"conditioning" repetitive stimuli(50 Hz,for 0.5 sec)and the"test"stimulus.Both the heat Relation between the heat production and the tension increment in a twitch produced after a tetanus.The data are the same as those shown in Fig.8 .The interval between the"conditioning"repetitive stimuli and the"test"stimulus(in msec)is indicated at each data point. production and the tension increment decreased with decreasing interval between the"conditioning"and the "test"stimuli.The heat and tension measurements were made only at stimulus intervals of more than 120-150 msec,since their values became vanishingly small at shorter intervals to be measured accurately.The amount of heat production by the"test"stimulus was also plotted against the magnitude of corresponding tension increment in Fig.9 .In contrast with the results on summation of twitches (Fig.6 ),all the data points distributed around a single regression line starting from the origin, irrespective of the interval between the "conditioning"and the"test"stimuli .
DISCUSSION
Explanation of heat production during summation of isometric contraction in terms of two heat components.It has been shown by many investigators that.
when the muscle length is increased beyond the slack length to decrease isometric twitch tension,the heat produced in a twitch decreases with decreasing twitch Vol.30,No.4,1980 tension,approaching a finite value as the tension tends to zero (SMITH,1972; HOMSHER et al.,1972; RALL,1978 RALL, ,1979 .Consequently,the heat production in a twitch has been divided into tension-dependent heat(TDH)and tension-independent heat(TIH).These two components of heat produced in a twitch were also confirmed in the present study (Fig.2) .
In the present experiments on the summation of twitches by two successive stimuli (Fig.3) ,it was found that the data points on the heat versus tension increment plot fell on two regression lines with approximately the same slope except for the intermediate stimulus intervals (Fig.6) ;the upper regression line was identical with the heat versus tension relation in a twitch (Fig.2) ,while the lower regression line started from the origin.The above finding was facilitated by the temperature (23-26•Ž) The heat versus tension increment relation in response to the second stimulus shown in Fig.6 can be explained by assuming (1) tension increment above tne nrst twitcn ana tne corresponding amount or tun while the amount of TIH production is very much reduced or eliminated,and as a result the points on the heat versus tension increment plot should fall on a straight line starting from the origin(the lower regression line in Fig.6 ).If the second stimulus is delivered more than 60 msec after the first one,it produces not only the tension increment and the corresponding TDH,but also the full TIH of about 1 mcal/g(see Fig.2 ),so that the points should fall on a straight line intersecting the ordinate at about 1 mcal/g(the upper regression line in Fig.6 ).At stimulus intervals between 20 and 60 msec,the second stimulus produces both TDH and TIH as well as the tension increment,and the amount of TIH production increases as the stimulus interval is increased above 20 msec to reach the maximum value otabout 1 mcal/g at an interval of 60 msec.
Recently, RALL(1979) showed that the slope of the TDH versus tension relation in a twitch remained unchanged irrespective of whether the twitch tension was varied by changing muscle length or by changing temperature.Similarly,the present results may be stated so that the slope 01 the"TDH versus tension relation may also remain nearly constant when the twitch tension is varied by producing a twitch at various times after the preceding mechanical response, implying that the tension increment determined as illustrated in Fig.4 is a valid measure of the magnitude of the second twitch preceded by the first one.
On the other hand,when a twitch was produced at various times after a preceding 0.5 sec tetanus (Fig.7) ,both the heat production and the tension increment in response to the"test"stimulus were vanishingly small when it was applied within 120-150 msec after the termination of the"conditioning"repetitive stimuli (Fig.8) ,and all the data points on the heat versus tension increment plot were observed to distribute around a single regression line starting from the origin irrespective of the stimulus interval (Fig.9) .These results indicate that the TIH production is markedly reduced for a much longer period after a series of repetitive stimuli than after a single stimulus. Possible source of tension-independent heat.Though the heat production during summation of isometric contraction can be accounted for on the basis of the two heat components,the source of the TIH,the amount of which changes depending on the previous stimulation,remains to be determined.The tensionindependent heat is generally referred to as activation heat,in the sense that it is independent of the interaction between the thick and thin filaments to produce isometric tension (cf.HOMSHER and KEAN,1978) .In the present experiments,the amount of TIH production in response to the second stimulus was very much reduced for the first 20 msec after the first stimulus,and the full recovery of TIH took place in about 60 msec (Fig.6) .Meanwhile,the amount of TIH in a twitch preceded by a 0.5 sec tetanus was markedly reduced for the first 120-150 msec after the preceding tetanic stimulation (Fig.8) ,and the presence of a single regression line in the TDH versus tension increment plot (Fig.9) implies that the full recovery of TIH takes place gradually in about 300 msec.
At present,the most probable sources of activation heat(or TIH)are the energy dissipated during Ca2+cycling (HOMSHER et al.,1972) and the enthalpy change for Ca2+binding to troponin (YAMADA et al.,1976; POTTER et al.,1977) . Concerning the Ca2+cycling,the Ca transients during an isometric twitch reach a peak at the early phase of tension rise,and then decay nearly to zero shortly after the peak of twitch tension (BLINKS et al.,1978) ,roughly corresponding to the timecourse of the initial marked reduction and the subsequent recovery of TIH in response to the second stimulus.The decay of Ca transients after a tetanus,however,precedes the relaxation of tetanus tension,and cannot be compared with the long-lasting effect of a tetanus in markedly reducing the TIH response to the subsequent stimulus (Figs.8 and 9) .
With respect to the Ca2+binding to troponin,it has been shown that the accompanying enthalpy change is sufficient to account for the activation heat (YAMADA et al.,1976; POTTER et al.,1977) .Though the Ca transient experiments give no direct information about the actual amount of Ca2+bound to troponi, it seems possible that the binding of Ca2+to one or more of the Ca2+-binding sites of troponin may be related to the effect of the preceding stimulation in reducing the amount of TIH production in response to the subsequent stimulus.
In connection with the long-lasting effect of a tetanus on the reduction of TIH production,it is of interest that,in a twitch produced shortly after a preceding tetanus,the magnitude of Ca transient decreases markedly as compared to the
